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es.2013.0Abstract Thermal ageing on the microstructure and mechanical properties of Al–Cu–Mg alloy/
bagasse ash(BAp) particulate composites was investigated. The composites were produced by a
double stir-casting method by varying bagasse ash from 2 to 10 wt.%. After casting the samples
were solution heat-treated at a temperature of 500 C in an electrically heated furnace, soaked
for 3 h at this temperature and then rapidly quenched in water and thermal aged at temperatures
of 100, 200 and 300 C. The ageing characteristics of these grades of composites were evaluated
using scanning electron microscopy (SEM), hardness and tensile test samples obtained from solu-
tion heat-treated composites samples subjected to the temperature conditions mentioned above. The
results show that the uniform distribution of the bagasse ash particles in the microstructure of both
the as-cast and age-hardened Al–Cu–Mg/BAp composites is the major factor responsible for the
improvement in mechanical properties. The presence of the bagasse ash particles in the matrix alloy
results in a much smaller grain size in the cast composites compared to the matrix alloy. The addi-
tion of bagasse ash particles to Al–Cu–Mg (A2009) does not alter the thermal ageing sequence, but
it alters certain aspects of the precipitation reaction. Although thermal ageing is accelerated in the
composites the presence of bagasse ash particles in A2009 reduces the peak temperatures.
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In recent years, the development of metal matrix composites
(MMCs) has been receiving worldwide attention on accountm
g Saud University.
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1.003of their superior strength and stiffness in addition to high wear
resistance and creep resistance comparison to their corre-
sponding wrought alloys. The ductile matrix permits the blunt-
ing of cracks and stress concentrations by plastic deformation
and provides a material with improved fracture toughness
(Aigbodion, 2007).
The present trend, therefore, seems to be towards the devel-
opment of discontinuously reinforced metal matrix composites
which are gaining widespread acceptance primarily because
they have recently become available at a relatively low cost
compared to uni-and multi-directional continuous ﬁbre rein-
forcedMMCs and the availability of standard or near standarding Saud University.
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MMCs (Aigbodion and Hassan, 2007).
Nowadays, research all over the globe is focusing mainly on
aluminium (Al-Haidary and Jabur Al-Kaaby 2007) because of
its unique combination of good corrosion resistance, low den-
sity and excellent mechanical properties. The unique thermal
properties of aluminium composites such as metallic conduc-
tivity with a coefﬁcient of expansion that can be tailored down
to zero, add to their prospects in aerospace and avionics.
The age hardening characteristics of an alloy are generally
modiﬁed by the introduction of reinforcement. These modiﬁ-
cations are due to the manufacturing process, the reactivity
between the reinforcement and the matrix, the size, the mor-
phology and volume fraction of the reinforcement (Hassan
et al., 2008).
In contrast to these extensive data available on the heat
treatment of Al–Cu–Mg alloys with convectional alloying ele-
ments ( Ikechukwuka and Oguocha 1997), relatively little is
demounted for their ageing and hardening characteristics in
particular bagasse ash reinforcement. Hence, there is need
for research to be carried out in this very important area.
The present research aims in determining the microstructure
and ageing characteristics of Al–Cu–Mg/bagasse ash particu-
late composites with a view to obtaining the optimum age
hardening procedure that would enable the desired mechanical
properties achieved.
2. Materials and method
2.1. Materials and equipment
The bagasse used in this work was obtained from the Zongo
area of Zaria in the Kduna-State of Nigeria. The bagasse
was then carbonized in a furnace at 1200 C for 5 h to obtain
a black colour ash which is the bagasse ash and sieved to an
average particle size of 63 lm. Magnesium power, high purity
aluminium and copper electrical wire were obtained from the
Northern Cable Company NOCACO, Kaduna, Moulding
boxes, Silica sand and Bentonite are obtained from National
Metallurgical Development Centre, Jos, Nigeria.
The equipment used in this study included: pyrometer,
mechanical stirrer, crucible, electrical resistance furnace,
rockwell hardness tester, charpy impact machine, tinus olsen
tensile machine and scanning electron microscope (SEM) with
energy dispersive X-ray spectroscopy (EDS).
2.2. Method
Composite used in this study was Al–Cu–Mg–bagasse ash par-
ticles composite containing 2–10 wt.% bagasse ash particles at
an interval of 2 wt.%. The samples were produced using the
double stir-casting method (Hassan et al., 2008) by keeping
the percentage of copper and magnesium constant (3.7%Cu
and 1.4%Mg) according to the recommended standard to
produce an alloy of type A2009 (Ikechukwuka and Oguocha
1997). A control sample without the bagasse ash particles
was also produced in this method. A preheated sand mould
with a diameter of 18 mm and 300 mm length was used to pro-
duce cast bars. After casting, the samples were machined into
tensile, impact and hardness test samples for the purpose of
determining the mechanical properties.The test samples were solution heat-treated at a tempera-
ture of 500 C in an electrically heated furnace, soaked for
3 h at this temperature and then rapidly quenched in warm
water at 65 C. Ageing of the test samples was carried out at
temperatures of 100, 200 and 300 C, for various ageing times
of 60 to 780 min, and then cooled in air. The ageing character-
istic of these grades of composites was evaluated using hard-
ness values obtained from solution heat-treated composites’
samples subjected to the aforementioned temperature condi-
tions. The tensile and impact tests were conducted at peak age-
ing time of the various ageing temperatures.
The microstructure and the chemical compositions of the
phases present in the test samples were studied using a JEOL
JSM 5900LV Scanning Electron Microscope equipped with
an Oxford INCA Energy Dispersive Spectroscopy (EDS)
system.
The hardness values of the samples were determined
(ASTM E18-79) using the Rockwell hardness tester on ‘‘B’’
scale (Frank Well test Rockwell Hardness Tester, model
38506) with a 1.56 mm steel ball indenter, minor load of
10 kg, and a major load of 100 kg and a hardness value of
101.2HRB as the standard block (Annual Books of ASTM
Standards, 1990).
The tensile properties of the as-cast composites’ sample
were conducted on Tinus-Olsen tensile testing machine with
a strain rate of 2 · 103 S1. The test pieces were machined
to the standard shape and dimensions as speciﬁed by the
American Society for testing and Materials (Annual Books
of ASTM Standards, 1990).
The impact test of the as-cast composites’ sample was con-
ducted using a fully instrumented Avery Denison test machine.
Charpy impact tests were conducted on notched samples. Stan-
dard square impact test sample measuring 75 · 10 · 10 mm
with a notch depth of 2 mm and a notch tip radius of 0.
02 mm at an angle of 45 was used (Annual Books of ASTM
Standards, 1990).3. Results and discussion
The microstructure of the master alloy and that of the rein-
forced alloy with bagasse ash was analysed using a Scanning
Electron Microscopy/Energy Dispersive Spectrometer. The
microstructure of the unreinforced alloy is shown in Fig. 1.
The structure reveals the eutectic phase containing Cu3Al2,
and Al6CuMg4 in a-aluminium matrix.
The microstructures of the composites reveal that there are
small discontinuities and a reasonably uniform distribution of
bagasse ash particles in the metal matrix. The ceramic phase is
shown as the dark phase, while the metal phase is white (see
Figs. 2 and 3). However, there is an agglomeration and segre-
gation of bagasse ash particles in the microscale with alloy
reinforced with 10 wt.% bagasse ash particles (see Fig. 3).
The electron transmission microscopy was used to make the
analysis of the interfaces between bagasse ash particles and the
matrix. The presence of the considerable amount of magne-
sium and copper in the matrix alloy ensured the formation
of the required bonds between the components of the compos-
ite examined. Interfaces between the particles and the matrix,
as free from intermediary phases and any precipitates, had
an adhesive character of component bonding. Moreover, they
were characterized by a high cohesion (without micro-cracks)
Figure 1 Photomicrograph of SEM microstructure of the unreinforced Al–Cu–Mg alloy/EDS spectrum. The structure reveals the
presence of Cu3Al2, Al6CuMg4 phases in a-Almatrix (white) (·400).
Figure 2 Photomicrograph of SEM microstructure of the reinforced Al–Cu–Mg alloy with 8 wt.% bagasse ash/EDS spectrum, The
structure reveals the dissolution of the Cu3Al2, Al6CuMg4 phases and uniform distribution of bagasse ash(black) in a-Al matrix (white)
(·400).
146 V.S. Aigbodionand strength of bonding. The microstructure of the Al–Cu–
Mg/BAp composite clearly shows a uniform distribution of ba-
gasse ash in the Al–Cu–Mg matrix with some agglomeration
and discontinuities as the percentage additions of the bagasse
ash is increased beyond 8 wt.% (see Fig. 3).
In the composites examined, no effects of unfavourable phe-
nomena were observed, which frequently form in the structuresof cast composites, such as the sedimentation or ﬂowing out of
the reinforcing phase, as well as the formation of particle
agglomerates or gas blisters. The composite matrix alloy had a
eutectic structure, typical of cast materials (Metals Handbook
1979; Vogelsang et al., 1986). This showed that there was good
interfacial bonding between the bagasse ash particles and ma-
trix, good interfacial bondingmay be obtained frommagnesium
Figure 3 Photomicrograph of SEM microstructure of the reinforced Al–Cu–Mg alloy with 10 wt.% bagasse ash/EDS spectrum, The
structure reveals the dissolution of the Cu3Al2, Al6CuMg4 phases and slight distribution and agglomeration of bagasse ash(black) in a-Al
matrix (white) (·400).
Thermal ageing on the microstructure and mechanical properties of Al–Cu–Mg alloy/bagasse 147in thematrix which helps in enhancing wettability of the ceramic
phase in the metal matrix (see Fig. 3).
In the age-hardened condition, Cu and Mg are present both
in solid solution with the matrix and precipitated as the
Cu3Al2, and Al6CuMg4 phases that are present both at grain
and along the grain boundaries after thermal ageing (see
Fig. 4). The microstructure of the thermally aged composites
reveal the dissolution and distribution of the bagasse particles
in the metal matrix and the presence of precipitates at the par-
ticles matrix interfaces with precipitation and dissolution of
the bagasse particles and Cu3Al2, Al6CuMg4 phases (see Figs. 5
and 6).
The Figs. 5 and 6, are the microstructure composites in age-
hardened condition. The microstructures reveal precipitates
covering the surface at the particles– matrix interfaces. This
precipitation form may depend on: (i) the extra interfacial area
- and hence energy - between the precipitate and matrix; (ii) the
possible creation of an anti-phase boundary (APB) within anFigure 4 Photomicrograph of SEM microstructure of the Al–Cu–Mg
The structure reveals dissolution and precipitation of Cu3Al2, and Al6ordered precipitate and (iii) the change in separation distance
between dissociated dislocations due to different stacking fault
energies of the matrix and particles. Similar behaviour of
increased precipitation at interfaces was reported by Hassan
et al. Hassan et al. (2008) for age-hardened aluminium alloy
reinforced with silicon carbide particle. They attributed this
to an increase in dislocation density at interfaces. Increase in
dislocation density strain hardens the metal-matrix locally
and provides heterogeneous nucleation sites for precipitation,
thereby accelerating the ageing response (Song and Baker,
1994). Thus, an increase in volume fraction of the reinforcing
particles, ﬁne grain size and distribution of these precipitates
both within the grain and at grain boundaries contributes to
acceleration of the ageing kinetics.
The ageing response measured by the variation of hardness
with time of the Al–Cu–Mg/BAp composites for all ﬁve-
volume fractions of the bagasse ash-reinforcing phase in the
Al–Cu–Mg matrix are shown in Figs. 7–9.alloy after thermal aged-hardenening at 200 C after peak ageing.
CuMg4 (white) Phases in a-Al matrix (·400).
  i) Low magnification(x400).                              ii) higher magnification(x1000). 
Precipitates(white) 
Figure 5 Photomicrograph of SEM microstructure of Al–Cu–Mg alloy reinforced alloy with 8 wt.% of bagasse ash particle after
thermal aged-hardening at 200 C after peak ageing. The structure reveals the dissolution and precipitation of the Cu3Al2, and Al6CuMg4
and uniform distribution of bagasse ash (black) in a-Al matrix, several sub-grain boundaries are visible (·400).
Figure 6 Photomicrograph of SEM microstructure of Al–Cu–
Mg alloy reinforced alloy with 10 wt.% of bagasse ash particle
after thermally aged-hardening at 200 C after peak ageing. The
structure reveals the dissolution and precipitation of the Cu3Al2,
and Al6CuMg4 phases and the distribution of bagasse ash (black)
in a-Al matrix (·400).
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Figure 7 Variation of the hardness values with ageing time at an
ageing temperature of 100 C.
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Figure 8 Variation of the hardness values with ageing time at an
ageing temperature of 200 C.
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Figure 9 Variation of the hardness values with ageing time at an
ageing temperature of 300 C.
148 V.S. AigbodionFrom Figs. 7–9, it can be seen that there is steep rise in
hardness values of each grade of the composite at initial stages
for all ageing temperatures and then fell after reaching the var-
ious peak ageing times, corresponding to over ageing. How-
ever, at higher ageing temperature the materials developed
peak hardness at shorter ageing time, because the rate of pre-
cipitation of the second phase materials is faster and hence in-
creases in hardness values. The time to obtain peak hardness is
shorter according to the sequence: 100 C> 200 C> 300 C
(see Figs. 7–9).
The thermal age hardening behaviour of the Al–Cu–Mg/
BAp particulates’ composites are similar to Al–Cu/SiC partic-
ulates as reported by Srinivasan andChattopadhyay (2004) i.e.
hardness continuously increases to a maximum during thermal
ageing and then decreases later due to over ageing. It is inter-
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Figure 11 Variation of the hardness values with bagasse ash
addition.
Thermal ageing on the microstructure and mechanical properties of Al–Cu–Mg alloy/bagasse 149esting to note that in the reinforced aluminium alloy metal-ma-
trix, as the volume fraction of bagasse ash particle increases to
10 wt.% in the aluminium alloy, there is a monotonic reduc-
tion in the time required to reach peak hardness (see Fig. 9).
The 10 wt.% BAp addition yielded the highest hardness va-
lue. As far as the hardening behaviour of the composites is con-
cerned, particle addition in the matrix alloy increases the strain
energy in the periphery of the particles in the matrix and these
tendencies may be due to the formation of a dislocation at the
boundary of the ceramic particles caused by the difference in
the thermo-expansion coefﬁcient between the matrix and cera-
mic particles during solution treatment and quenching since a
lot of dislocations are generated in the main matrix/particle
interface (Cottu et al., 1992). Thus, dislocations cause the hard-
ness increase in composite as well as residual stress
increases because of acting as non-uniform nucleation sites in
the interface following the thermal aged treatment. It is thought
that the higher the amount of the ceramic particles in thematrix,
the higher the density of the dislocation, and as a result, the high-
er the hardness of the composite (Hassan et al., 2008).
The acceleration to precipitation(R) was measured by the
ratio R ¼ tpHc
tpHm
of times corresponding to peak hardness in
the composite and to peak hardness in the unreinforced Al–
Cu–Mg matrix. The result is shown in Fig. 10.
The result shows that, an increase in volume fraction of the
reinforcing particles accelerates the ageing kinetics, bringing
about observable increase in hardness and concurrent decrease
in ageing time (see Fig. 10), since the values of acceleration to
precipitation obtained are less than one.
Fig. 11, shows the hardness values of both the as-cast and
age-hardened Al–Cu–Mg/BAp composites. From the ﬁgure,
the hardness values for as-cast and age-hardened composite
samples increase as the percentage of bagasse ash addition in-
creases in the alloy. This is due to increase in the percentage of
the hard and brittle phases of the ceramics body in the alloy.
In comparison with the unreinforced Al–Cu–Mg alloy, a
substantial improvement in hardness was obtained in the rein-
forced metal matrices. It is noteworthy that in the reinforced
aluminium alloy metal-matrix, as the volume fraction of
bagasse ash particles in the aluminium alloy metal-matrix
increases, there is a monotonic reduction in the time required
to reach peak hardness. With 2 wt.% of BAp addition, the
samples exhibited a maximum hardness value of 48.70.0HRB
at 100 C for 11 h, 49.40HRB at 200 C for 9 h and0
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Figure 10 Variation of acceleration to precipitation hardening
with bagasse ash addition.49.70HRB at 300 C for 7 h, while at 10 wt.% of BAp addition
the samples have maximum hardness value of 63.00HRB at
100 C for 6 h, 65.70HRB at 200 C for 5 h and 64.80HRB
at 300 C for 3 h (see Figs. 7–9).
The hardness values of the age-hardened alloy are almost
equal at various ageing temperatures with percentage BAp
additions (see Fig. 11). This is because the peak hardness has
been obtained for the materials at various ageing temperatures.
This is also in line with an earlier observation of Vogelsang et
al. (Vogelsang et al., 1986); Cottu et al. (Cottu et al., 1992) and
Ikechukwuka (Ikechukwuka and Oguocha 1997).
The results of yield strength and ultimate tensile strength
with a weight fraction of bagasse ash at various ageing temper-
atures are shown in Figs. 6 and 7. From Figs. 12 and 13, the
yield strength and ultimate tensile strength of both the as-cast
and age-hardened composites increased with increasing
percentage bagasse ash addition to a maximum of 8 wt.%
BAp. The as-cast samples have a maximum value of 150.60
and 206.38 N/mm2 for yield and tensile strength at 8 wt%
BAp addition and then decreased to 150.00 and 168.50 N/
mm2 for yield and tensile strength at 10 wt% BAp addition
respectively.
For the age-hardened samples similar trends were also ob-
served as in the case of the as-cast samples, in that the yield
strength and ultimate tensile strength increased to a maximum
values at 8 wt.% of BAp addition and then decreased beyond
this point. The yield strengths of age-hardened samples at
8 wt.% BAp addition are 157.00, 155.00 and 155.70 N/mm2,0
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Figure 12 Variation of the yield strength with bagasse ash
addition.
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Figure 13 Variation of the tensile strength with bagasse ash addition.
150 V.S. Aigbodionand that at 10 wt.% of BAp addition are 152.70, 154.00 and
155.00 N/mm2 at peak ageing at 100, 200 and 300 C respec-
tively (see Fig. 12). Also the ultimate tensile strengths of the
age-hardened samples at 8 wt.% BAp are 210.70, 213.20 and
210.00 N/mm2 and at 10 wt.% BAp addition are 172.00,
180.30 and 177.50 N/mm2 at peak ageing at 100, 200 and
300 C respectively (see Fig. 13).
The higher values of both yield strength and ultimate tensile
strength obtained at 8 wt.% BAp than 10 wt.% BAp are
attributed to the uniform distribution of the BAp particles in
the microstructure of the Al–Cu–Mg/8BAp (see Figs. 2 and
5) than the microstructure of Al–Cu–Mg/10BAp (see Micro-
graphs 3 and 6), it can be seen that the inter-atomic spacing
in Al–Cu–Mg/10BAp is larger than in the Al–Cu–Mg/8BAp.
These results show that Al–Cu–Mg/2BAp samples have
2.56% and 0.32% increases in yield strength and ultimate ten-
sile strength respectively over that of the as-cast samples at
peak ageing at 200 C, while for the Al–Cu–Mg/8BAp the
respective increments were 2.92% and 3.31% for yield strength
and ultimate tensile strength. The increase in strength of the
thermally age-hardened samples over that of the as-cast are
attributed to the more uniform distribution of BAp in the ther-
mally aged samples than the as-cast samples (see Figs. 1–3) and
(Figs. 4–6) respectively.
The results of impact energy with weight fraction of bagasse
ash at various ageing temperatures are shown in Fig. 14.
From the Fig. 8, the impact energy of both the as-cast and
thermally age-hardened samples, decreased as the percent ba-
gasse addition increases in the alloy. The brittle nature of the0
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Figure 14 Variation of impact energy with bagasse ash
additions.reinforcing materials (BAp) plays a signiﬁcant role in degrad-
ing the impact energy of the composite.
This couldbe apredictable result, because a rigid ceramics body
such as bagasse ash acts as a barrier against the mobility of dislo-
cations. Therefore, by increasing the content of bagasse ash, the
rate of work hardening increases and this would lead to a decrease
in toughness values, since the unreinforced Al–Cu–Mg alloy and
the Al–Cu–Mg/2BAp have the highest impact energy, indicating
the greater toughness values of all the investigated samples.
4. Conclusions
From the above results and discussion, the following conclu-
sions are made:
1. The uniform distribution of the bagasse ash particles in the
microstructure of both the as-cast and age-hardened Al–
Cu–Mg/BAp composites is the major factor responsible
for the improvement in the mechanical properties. The
presence of the bagasse ash particles in the matrix alloy
results in a much smaller grain size in the cast composites
compared to the matrix alloy.
2. The addition of bagasse ash particles to Al–Cu–Mg alloy
increases both the yield strength and ultimate tensile
strength up to a maximum value of 8 wt.% bagasse addi-
tion. However, it is accompanied by a general reduction
in impact energy.
3. The addition of bagasse ash particles to Al–Cu–Mg
(A2009) does not alter the thermal ageing sequence, but it
alters certain aspects of the precipitation reaction.
Although thermal ageing is accelerated in the composites
the presence of bagasse ash particles in A2009 reduces the
peak temperatures.References
Aigbodion, V.S., 2007. Development of Al–Si–Fe/SiC particulate
composite as advanced Materials for engineering applications.
M.Sc Thesis, Department of Metallurgical Engineering, Ahmadu
Bello University, Zaria Nigeria, pp. 1–56.
Aigbodion, V.S., Hassan, S.B., 2007. Effects of silicon carbide
reinforcement on microstructure and properties of cast Al–Si–Fe/
SiC particulate composites. J. Mater. Sci. Eng. A 447, 355–360.
Al-Haidary, J.T., Jabur Al-Kaaby, A.S., -Haidary and Jabur Al-
Kaaby 2007. Evaluation Study of Cast Al–SiCp Composite. Mater.
Sci. Pol. 25 (1), 155–165.
Thermal ageing on the microstructure and mechanical properties of Al–Cu–Mg alloy/bagasse 151Annual Books of ASTM Standards, Section 1(1990): Iron and Steel
Products, 261, 01.04, 13–63.
Cottu, J.P., Coudere, J.J., Viguier, B., Bernard, L., 1992. J. Mater. Sci.
27, 3068–3074.
Hassan, S.B., Aponbiede, O., Aigbodion, V.S., 2008. Precipitation
hardening characteristics of Al–Si–Fe/SiC particulate composites.
J. Alloys Compd. 466, 268–272.
Ikechukwuka N. A. Oguocha 1997. Characterization of aluminium
Alloy 2618 and Its Composites containing alumina particles,
unpublished PhD Thesis, Department of Mechanical Engineering,
University of Saskatchewan, Saskatoon: pp. 1–23.Metals Handbook 1979. Properties and selection of Non ferrous
alloys and pure metals. American Society of metals (ASM), pp.
45–67.
Vogelsang, M., Arsenault, R.J., Fisher, R.M., 1986. An In-Situ
HVEM study of dislocation generation at Al/SiC interfaces in
metal matrix composites. Metall. Trans. A 17A, 379–389.
Song, Y., Baker, T.N., 1994. Accelerated aging processes in ceramic
reinforced AA 6061 composites. Mater. Sci. Techol. 10, 3739–
3746.
Srinivasan, D., Chattopadhyay, K., 2004. Solid state transformation of
metal matrix composites. Mater. Sci. Eng. A 1228, 375–377.
